The Southern Ocean (SO) is among the regions on Earth that are undergoing regionally the fastest environmental changes. The unique ecological features of its marine life make it particularly vulnerable to the multiple effects of climate change.
| INTRODUC TI ON
Polar seas are among the regions in the world that are undergoing climate change at the fastest pace Turner et al., 2009; Turner & Comiso, 2017) . In the Southern Ocean (SO), which is a wide expanse of waters circling the globe without interruption from the Antarctic continent to about 45°S latitude, the multiple and synergetic effects of climate change lead to sea water temperature increase, salinity decrease, sea water acidification, UV-B radiation increase, changes in sea ice regime, ice shelves collapse, and coastal glacier retreat (Etourneau et al., 2019; Fabry, McClintock, Mathis, & Grebmeier, 2009; Gutt et al., 2015; Menezes, Macdonald, & Schatzman, 2017; Reygondeau & Huettmann, 2014) . Deep waters are also impacted by environmental changes. A large part of the water column has started to warm south of the sub-Antarctic front, including Antarctic Bottom Water formed around the Antarctic edge. Although these changes are not uniform around the Antarctic (e.g., Antarctic Peninsula vs. Ross Sea). These modifications in the downwelling of cold and dense waters would have a profound effect on climate system as it is a central part of the thermohaline circulation (Purkey & Johnson, 2013; Schmidtko, Heywood, Thompson, & Aoki, 2014) . Future scenarios predict a southward shift of major marine fronts associated with an intensification of surface water stratification (Bracegirdle et al., 2013; Meijers et al., 2012; Sen Gupta et al., 2009) .
Marine life of the SO displays unique physiological characteristics and life-history traits including high levels of endemism (Griffiths, Barnes, & Linse, 2009; Kaiser et al., 2013; Saucède, Pierrat, & David, 2014) , adaptations to seasonally subzero water temperatures with high sensitivity to increase in temperature due to their narrow thermal niche (Cheng & William, 2007; Peck, 2016 Peck, , 2018 Portner, Peck, & Somero, 2007) , and brooding (David & Mooi, 1990; Hunter & Halanych, 2008; Sewell & Hofmann, 2011) , which make it particularly vulnerable to environmental changes (Guillaumot et al., 2018; Ingels et al., 2012; Lohrer, Cummings, & Thrush, 2013; Peck, 2005; Peck, Morley, & Clark, 2010; Peck, Webb, & Bailey, 2004) . Multiple impacts of climate change have been documented on SO benthic marine ecosystems that are particularly endangered (Bonsell & Dunton, 2018; Constable et al., 2014; Le Guen et al., 2018; Reygondeau & Huettmann, 2014; Rogers et al., 2020; Sen Gupta et al., 2009) . As highlighted previously, changes are not equivalent across the whole SO and can reach various degrees of importance depending on the region. Typically, it is assumed that Antarctic marine biota of the Antarctic Peninsula is today one of the most exposed regions to environmental changes (Kerr, Mata, Mendes, & Secchi, 2018; Siegert et al., 2019) . However, the general prognosis under future climate change is for an overall warming and freshening of the present-day system.
Because high latitude species are distributed at the extremity of the ocean thermal continuum and are bounded southward by the Antarctic continent, SO species will not have the opportunity to migrate and maintain under constant environmental conditions. In addition, Antarctic marine ecosystems are facing direct anthropogenic disturbances linked to fisheries, tourism, cruiseships, and scientific activities (sewage pollution from research stations and ships, experiment pollution and lost or unrecovered equipment; Aronson, Thatje, McClintock, & Hughes, 2011; Lenihan & Oliver, 1995) .
In this context, Marine Protected Areas (MPAs) can constitute a relevant management tool to protect, maintain, and restore bio- Conservation strategies plan in the SO mostly relies on present static ecoregionalization and biogeographic studies mainly based on current environmental predictors in the SO. So, MPAs are commonly established based on their political and technical feasibility (Brooks, 2013) but also on this static-'snapshot'-basis, that is, the current distribution of species and habitats. They do not consider the dynamics of species responses to climate change and potential distribution changes (i.e., range shift, contraction, or extension; Araujo, Cabeza, Thuiller, Hannah, & Williams, 2004; Hannah, 2008; Hannah et al., 2007) , resulting in new biotic assemblages and species interactions that will impact ecosystem functioning (Hobbs, Valentine, Standish, & Jackson, 2018) .
In this context, the ecoregionalization approach is a promising tool to determine spatially explicit, highly cohesive, and recognizable regions characterized by common species composition and environmental settings. They are delimited from adjacent areas by distinct but dynamic boundaries and constitute operational areas to address conservation issues (Grant, 2006; Gutt et al., 2017; Koubbi et al., 2011) At the interface between biotic and environmental systems, the ecoregionalization approach can capture the interplay between species distribution and environmental changes and can predict the response of entire species assemblages to environmental changes. Ecoregions can be used to define priorities for the designation of MPAs. In the SO, ecoregions have already been delineated at regional scale for conservation purposes Koubbi, Mignard, et al., 2016) based on fish assemblages (Hill et al., 2017; Koubbi et al., 2010 Koubbi et al., , 2011 .
In the present work, we propose a temporal dynamic approach with the first benthic ecoregionalization of the entire SO which considers changes in times of environment over the next decades. The assessment of MPA network under a dynamic approach is relevant because MPA system should not only protect ecosystems and marine biodiversity in the present but also in the future. We examine the ecological representativity of benthic environments in current and proposed MPAs for the present time period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) but also taking into account climate change scenarios (2050 -2099 RCP 4.5 and RCP 8.5 
) as developed by the Intergovernmental Panel on
Climate Change (IPCC, 2018) . Previous work studies have been conducted in this way focusing on ocean biomass evolution according to global change (Lotze et al., 2019) , or on fisheries species (Cheung, Lam, & Pauly, 2008; Cheung et al., 2009; Worm et al., 2009) . In this study, we developed a novel approach combining ecological niche models (ENM) using Random Forest (RF; Breiman, 1999) and modelbased clustering with Gaussian Mixture Models (GMMs; Fraley & Raftery, 2006) . This approach is well-suited to analyze species presence-only data, a common property of most Antarctic biodiversity datasets, and provide information on community compositions. ENM offers a baseline for detecting, monitoring, and predicting the impact of climate change on species and biota (Gutt et al., 2015 (Gutt et al., , 2017 Kennicutt et al., 2014 ). An increasing number of studies have used ENM over the last decade to predict the distribution of pelagic species in the SO (Duhamel et al., 2014; Loots, Koubbi, & Duhamel, 2007; Nachtsheim, Jerosch, Hagen, Plötz, & Bornemann, 2017; Pinkerton et al., 2010; Thiers, Delord, Bost, Guinet, & Weimerskirch, 2017 ; Xavier, Raymond, Jones, & Griffiths, 2016) but few were developed for benthic organisms (see however: Basher & Costello, 2016; Fabri-Ruiz, Danis, David, & Saucède, 2018; Gallego, Dennis, Basher, Lavery, & Sewell, 2017; Guillaumot et al., 2018; Pierrat et al., 2012) .
Beyond taxonomic diversity, several studies have stressed the need to account for the different components of the biodiversity such as functional diversity in conservation plans (Lindegren, Holt, MacKenzie, & Rahbek, 2018; Villamor & Becerro, 2012) . This is because species are not all equivalent, performing more singular functions in the ecosystem, than others (Cadotte & Jonathan Davies, 2010; Isaac, Turvey, Collen, Waterman, & Baillie, 2007) .
For this purpose, we modeled benthic ecoregions based on the distribution of echinoid (sea urchins) fauna and a large set of environmental data. Echinoids were chosen because they constitute key species of benthic communities but are also highly rich (10% of species worldwide) and widely distributed throughout the SO, from the shallows of the continental shelf to deep waters of abyssal plains (Arnaud et al., 1998; Barnes & Brockington, 2003; Brandt et al., 2007; David, Choné, Mooi, & de Ridder, 2005; Linse, Walker, & Barnes, 2008) . They belong to numerous ecological guilds (e.g., Figure S2 ) and are prominent and common members of benthic communities. They count epifaunal and endofaunal species that display various feeding strategies (omnivorous, deposit-feeders, carnivorous, phytophagous/algivorous, scavengers), spawning modes (broadcasting or brooding), and developmental strategies (direct developers or indirect development including a planktonic larval stage; see, e.g., Poulin & Féral, 1996; Saucède et al., 2014) .
In addition, echinoids include a large number of species (cidaroids) that provide suitable microhabitats for a varied range of sessile organisms. Cidaroids spines are colonized by relatively specialist sessile species and promoting an increase in sessile species richness and abundance (Hardy, David, Rigaud, De Ridder, & Saucède, 2011; Hétérier, David, De Ridder, & Rigaud, 2008; Linse et al., 2008) .
Regarding all these features, echinoid is a taxa that exhibit a high functional diversity with diversified ecological, morphological, reproductive, and feeding strategies and play a major role as key species in benthic communities.
| MATERIAL S AND ME THODS

| Study area
The study area covers the entire SO, from 45°S latitude to the coasts of the Antarctic continent ( Figure 1 ) at depths ranging from the surface to 2,500 m, a depth range for which most species occurrence data were available. The projection area includes the Antarctic continental shelf and slope, the sub-Antarctic islands and plateaus, and the continental shelf and slope of southern South America. Both existing MPAs of the SO and current CCAMLR proposals for East Antarctica, the Antarctic Peninsula, and the Weddell Sea were considered to examine the representativity of ecoregions in the MPA network within the projection area ( Figure S1 ). The geographic overlap between each ecoregion and the MPA network was computed and expressed as the proportion of each ecoregion in the overlapped MPA area ( Figure 7 ; Table 1 ). To assess the quality of ecoregion representativity in the MPA network, this proportion was compared to the relative size of each ecoregion over the entire study area (Table 1 ).
| Occurrence records and studied species
Species occurrence data were retrieved from an extensive and checked database of presence-only records implemented for Antarctic echinoids (Fabri-Ruiz, Saucède, Danis, & David, 2017) .
Data are available at http://ipt.biodi versi ty.aq/resou rce?r=echin oids_occur rences_south ern_ocean . Species records were aggregated to a pixel size of 0.1° × 0.1°, a scale determined by the resolution of environmental data available (see below). Duplicates of species occurrence were removed from each pixel as occurrence duplication may bias model outputs (Guillaumot et al., 2019) .
Individual ENM were generated for each selected species before using GMM to assemble individual models ( Figure S3 ). Species with less than 15 pixels records after aggregation were not included in the analysis to ensure statistical robustness of models. Finally, 41 echinoid species were modeled, and number of cell occurrences used to build ENM are available in Figure S2 
| Environmental descriptors
Environmental descriptors were selected on the basis of data availability and their ecological relevance for explaining the distribution of echinoids as recommended in former studies Pierrat et al., 2012; Saucède et al., 2014) and more widely in species distribution modeling (Anderson, 2013; Franklin, 2010) . For Finally, 13 descriptors were used to run the models; they reflect the main settings of echinoid physical habitats (depth, geomorphology, slope, sea surface temperature range, seafloor temperature range, mean seafloor temperature, and sea ice cover for Antarctic species), food resources (chlorophyll a concentration), and habitat chemistry (seafloor oxygen, seafloor salinity range, mean seafloor salinity, sea surface salinity range, and mean sea surface salinity; Figure S4 ).
Future projections were modeled based on IPCC medium (RCP 4.5) and high (RCP8.5) carbon emission scenarios (IPCC, 2018) . The predicted environmental predictors of future conditions were extracted from the NOAA database (Scott, 2019) and averaged for the (2050-2099) time period ( Figure S5 ). Available predictors for future period are sea ice concentration, sea surface salinity, sea surface amplitude, sea surface temperature amplitude, seafloor salinity, seafloor temperature amplitude, and summer chlorophyll a concentration. Seafloor oxygen was unavailable, so it remains constant across time periods.
| Individual species distribution models
Individual ENM were generated for the 41 selected species using the RF algorithm (Breiman, 2001 ; Figure S3 ). This algorithm was shown appropriate and relevant for modeling Antarctic echinoid distribution in a previous work . All models were performed using the biomod 2 package (Thuiller, Lafourcade, Engler, & Araújo, 2009 ) under R.3.4 (R Core Team, 2017). The number of classification trees was set to 500 and the node size to 5. The Mtry parameter (the number of candidate variables to include at each split) was tuned using tuneRF function from the caret package (Kuhn, 2012) . Each dataset was divided in two subsets: 70% of the dataset was used a training data and the remaining 30% a test data. Occurrence records can be spatially aggregated due to the uneven sampling effort made in the different parts of the ocean to collect echinoid specimens, a bias that can alter the performance of ENM. To limit the effect of this sampling bias on model performance, the selection of pseudo-absences was weighted based on a Kernel Density Estimation (KDE) map used as a proxy of the sampling effort. The KDE map was computed with all echinoid occurrences of the database using Spatial Analyst in ArcGIS v10.2 (ESRI, 2011) and following Guillaumot et al. (2019) . To limit the effects of the spatial autocorrelation (SAC) that breaks the 'independent errors' assumption, a major issue in spatial analysis and ecological modeling (Guillaumot et al., 2019; Legendre, 1993) , several replicates of pseudo-absences were generated for the model calibration. SAC of residuals was then quantified using the Moran I index computed with the ape R package (Paradis et al., 2008) . In all, 30 replicates of pseudo-absences were selected with p > .5 (with p, the p value of the significance of Moran's I). Following Barbet-Massin et al. (2012) , the number of simulated pseudo-absences was equal to the number of presences for each species.
The large extent of the study area implies that a wide range of en- 
| Gaussian Mixture Model
Individual species projections were combined to delineate benthic ecoregions using GMMs run with the mclust R package (Fraley & Raftery, 2006 Figure S6 ). The optimal number of clusters was estimated by successively combining mixture components to minimize the entropy level (Baudry, Raftery, Celeux, Lo, & Gottardo, 2010) . Starting from a number of 20 initial clusters, clusters were gradually merged together until the entropy level reaches a minimum value ( Figure S7 ). The same process was used with future species projections under scenarios RCP 4.5 and RCP 8.5 to predict the distribution of future ecoregions.
Changes in ecoregion margins between the present period and future scenarios were quantified as the probability that future values belong to the kth cluster of present-day ecoregions (Figures S12 and S13). We also identified ecoregions stability in time according to the entire area but also in both MPA networks.
| Impact of climate change on echinoid assemblages
The impact of IPCC scenarios on ecoregions was predicted by computing the percentage of changes in echinoid assemblages between present and future projections. For each pixel, the Euclidean distance between species present and future probability maps was computed based on Equation (1) and this distance was then divided by the square root of the total species number as follows:
where A i is the presence probability of species i for the present period To specify and quantify the direction of changes in echinoid assemblages of ecoregions, extinction and invasion rates were computed for each pixel following the approach developed by Jones and Cheung (2015) . Based on species binary maps, local invasion (I; Equation 2) and extinction rates (E; Equation 3) were computed as follows:
where n i is the species richness for the present period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) in 
| RE SULTS
| Ecoregion delimitation
In all, 12 benthic ecoregions were identified. They are mainly partitioned into Antarctic (ecoregions #1 to #5) and sub-Antarctic areas 
| Environmental settings
Mean seafloor temperature, depth, and sea ice concentration are the three main abiotic factors that determine the delineation of ecoregions both between and within Antarctic and sub-Antarctic areas (Figure 3; Figure S8 ). In all Antarctic ecoregions, sea ice concentration values are >0.5 (<0.5 in sub-Antarctic ecoregions, respectively) and mean seafloor temperatures <+2°C (>2°C in the 
| Echinoid assemblages of ecoregions
Echinoid assemblages ( Figure S9 
| IPCC scenarios of climate change and ecoregions
Predicted ecoregions according two IPCC scenarios RCP 4.5 and RCP 8.5 were projected for the (2050-2099) period (Figure 4 ) and the stability of ecoregion areas quantified in Figure 5 . Every regions of the SO observe instability with half of ecoregions that are expected instable in the future due to climate change ( Figure 5 ).
Under scenario RCP 4.5, the percentage of stable areas is higher than the unstable one (Figure 5b) , in contrast to RCP 8.5 (Figure 5d ).
Instability is mainly localized in the Antarctic Peninsula, Ross Sea, Belligshausen-Amundsen seas, and Campbell Plateau (Figure 5a ).
It extents to East Antarctica underscenario RCP 8.5 (Figure 5c ). To investigate the reason of this unstability and changes in ecoregion delineation, we projected the percentage of change in echinoids assemblages according two IPCC scenarios ( Figure   S10a ,b), these percentage values were also extracted for each ecoregion ( Figure S10c ). Significant changes are predicted for all ecoregions of the SO, except for deep-sea ecoregions #6 and #7
( Figure S10c ). The magnitude of these changes however clearly vary between ecoregions. They are predicted to be the most sig- Changes in echinoid assemblages were expressed using invasion and extinction rates and projected for all ecoregions ( Figure 6 ).
Overall, under both scenarios, models predict higher extinction rates than invasion rates. The predicted invasions are mainly concentrated in the Ross Sea, the Campbell, and southern Kerguelen plateaus (Figure 6a,b) . In line with patterns of predicted changes in species assemblages ( Figure S10a,b) , local extinction rates are predicted to be the highest under scenario RCP 8.5. They mainly occur in East Antarctica and the Antarctic Peninsula as well in South Georgia, southern Kerguelen Plateau, and Crozet Island (Figure 6c,d) .
In East Antarctica, extinctions are mainly predicted in the Prydz Bay area and in the Davis Sea. Along the Antarctic Peninsula, South
Georgia and southern Kerguelen Plateau, extinction rates are high under both scenarios (Figure 6a 
| Ecoregions and their representativity in MPAs
Ecoregions are predicted to be unstable and are expected to change according to future IPCC scenarios (Figures 4 and 5) . 
| D ISCUSS I ON
| Ecoregions
| Species distribution patterns and the changing environment
Antarctic ecoregions (#1 to #5) identified for the present period show a high species richness compared to other ecoregions ( Figure S9 ). Antarctic Peninsula, eastern Weddell sea, and East Antarctica (Saucède et al., 2014) ; a similar pattern was also found in other marine groups (Chenuil et al., 2018; Clarke, 2008; Lecointre et al., 2013; Saucède et al., 2014) . The speciose families Cidaridae and Schizasteridae in the Antarctic (Poulin & Féral, 1996) , which represent about 65% of all Antarctic echinoid species, are also highly endemic to the Antarctic continental shelf with 81% and 67% of endemic species, respectively (David et al., 2005; Pearse, Mooi, Lockhart, & Brandt, 2009; Pierrat et al., 2012; Saucède et al., 2014) . This high level of endemicity and the prevalence of a taxonomically limited number of speciose groups were found in many other marine groups in the Antarctic, and particularly on the continental shelf where species flocks were identified (Chenuil et al., 2018; Clarke & Crame, 2010; Eastman, 2000; Lecointre et al., 2013) . Endemicity is even more pronounced in the less-extended sub- (David et al., 2005; Fabri-Ruiz et al., 2018; Guillaumot et al., 2018; Saucède et al., 2014) . Species endemicity and adaptation to cold and subzero water temperatures make these organisms particularly vulnerable to climate warming, especially along the Antarctic Peninsula and in the sub-Antarctic islands, which are subject to fast warm- Depth, sea ice concentration, and seafloor temperature are the three environmental factors that most contribute to the definition of ecoregions ( Figure 3) which is in line with previous findings obtained for Antarctic echinoids Pierrat et al., 2012) . The importance of depth as a driver of species distribution has long been substantiated for echinoids (Brey & Gutt, 1991; David et al., 2005; Fabri-Ruiz et al., 2018; Jacob, Terpstra, & Brey, 2003; Pierrat et al., 2012; Reiss, Cunze, König, Neumann, & Kröncke, 2011) and for other marine groups (Gogina, Glockzin, & Zettler, 2010; Pierrat et al., 2012; Reiss et al., 2011 ). Depth is not expected to change in a near future at large spatial scale (i.e., the scale of the present analysis) but the effects of sea level rise are expected to affect intertidal and subtidal communities at local scale in polar regions (Kaiser, Barnes, & Brandt, 2007) . In contrast, important changes are predicted in sea ice cover and seafloor temperatures (IPCC, 2018). They both are important drivers of SO communities (Peck, 2005; Waller, Worland, Convey, & Barnes, 2006 ) that determine the abundance, richness, and diversity of species assemblages (Moya, Saucede, & Manjón-Cabeza, 2012) .
Sea ice cover also acts as a protection for benthic organisms by reducing potential UV-B-induced damage on organisms, particularly for those with planktonic larval stages (Gutt et al., 2015; Lister, Lamare, & Burritt, 2010) . The reduction in sea ice concentration, extent, and seasonality, along with seafloor temperature increase will drive significant changes in species assemblages and in the identification of future ecoregions (Figure 4 ; Figure S9 ).
| Biogeographic provinces and regionalizations of the SO
In the present work, we propose the first dynamic benthic ecoregionalization of the entire SO based on species distribution models of a large set of benthic species albeit belonging to one single taxonomic class. However, the biogeographic relevance and representativity of these ecoregions are supported for the entire benthos by the relatively good match with common biogeographic patterns described in former studies. Specifically, this holds true for echinoids but also for other marine invertebrates such as sponges (Downey, Griffiths, Linse, & Janussen, 2012) , mollusks (Linse, Griffiths, Barnes, & Clarke, 2006; Pierrat et al., 2013) , bryozoans (Barnes & Griffiths, 2007; Griffiths et al., 2009) , and starfish (Moreau et al., 2017) . The distinction between Antarctic and sub-Antarctic regions (Barnes & Griffiths, 2007; Downey et al., 2012; Griffiths et al., 2009; Linse et al., 2006; Pierrat et al., 2013) , faunal affinities between the Scotia Arc region and South America (ecoregion #8 and #9;
Clarke, Barnes, & Hodgson, 2005; Fraser, Kay, Plessis, & Ryan, 2017; Fraser et al., 2018) , and the similarities between sub-Antarctic islands (Kerguelen, Crozet, Marion Prince Edward), South
America and South Georgia (ecoregion #8) were emphasized in previous biogeographic works on echinoids, bivalves , cheilostome bryozoans (Griffiths et al., 2009) , and starfish (Moreau et al., 2017) . This is related to the effect of the Antarctic Circumpolar Current, which acts as a dispersal vector for benthic organisms (González-Wevar et al., 2018; Moon, Chown, & Fraser, 2017; Pearse et al., 2009 ). The Campbell Plateau and the Ross Sea (ecoregions #8 and #9) also have faunal affinities, which have already been reported for echinoids , bivalves, gastropods , and starfish (Moreau et al., 2017) .
The congruence between present ecoregions and general biogeographic patterns of the SO benthos organisms can be explained first by the contribution of abiotic factors. Typically, depth, seafloor temperature, and sea ice concentration are important contributors to ecoregions delineation; they are also important drivers of the benthos distribution at large spatial scale (David et al., 2005; Guillaumot et al., 2019; Gutt, 2001; Pierrat et al., 2012) . General biogeographic patterns are also the legacy of common evolutionary events triggered by climate history and the paleogeography of the SO (Crame, 2018; Saucède et al., 2014) . Finally, echinoid fauna shows a high functional diversity ( Figure S1 ) that is representative of most benthic communities, suspension feeders excepted. Species echinoids are characterized by slow metabolism and growth rates (Peck, 2018) , high longevity (Brey, 1991; Brey, Pearse, Basch, McClintock, & Slattery, 1995) , different reproduction strategies (broadcasters vs. brooders; Figure S2 ) but they also belong to different ecological guilds and trophic levels ( Figure S2 ).
Over the last 20 years, technical advances promoted the exploration of the deep sea and the development of marine remote observing systems (satellites) along with big data analysis tools (Briggs & Bowen, 2012; Costello et al., 2017; Longhurst, 2007; Reygondeau et al., 2013; Spalding et al., 2007) facilitated the assessment of biotic regions of the SO (De Broyer & Koubbi, 2014) . For instance, the SO has been partitioned into biogeochemical provinces based on satellite data (Longhurst, 2007) proposing to divide the SO into a south subtropical, a sub-Antarctic, Antarctic, and Austral polar provinces.
Raymond (2014) 
| The impact of predicted environmental changes
Part of the SO is facing some of the fastest environmental changes Gutt et al., 2015; Turner et al., 2014; Turner & Comiso, 2017) and numerous studies have highlighted the vulnerability of high latitude species to climate change. Possible species responses can be the migration to deeper and colder areas, the southward migration of sub-Antarctic species, the resilience and maintenance of current distributions, or local to regional extinctions (Barnes & Peck, 2008; Constable et al., 2014; Griffiths, Meijers, & Bracegirdle, 2017; Peck, 2005) . Our approach uses for the first time Figure S10 ).
The Antarctic Peninsula and the Amundsen and Bellingshausen seas have already been identified as the most impacted regions of the SO by climate change (Bracegirdle, Connolley, & Turner, 2008; Turner et al., 2009 Turner et al., , 2014 . Our results also suggest that other regions in East Antarctica, particularly in Prydz Bay and Davis Sea, and in the Ross Sea to a lesser extent, might also be strongly impacted under scenario RCP 8.5. Temperature increase, changes in sea ice seasonality, and sea ice extent are predicted to strongly contribute to such changes in the Antarctic (Ingels et al., 2012; Lohrer et al., 2013) . Variations in these environmental parameters could affect the onset and the magnitude of phytoplankton blooms, conditioning the export of the organic matter export to the seafloor, which is an essential nutrient for benthic communities (Jansen et al., 2018; Smith & Sandwell, 1997) and for echinoids in particular. Many echinoid species, such as in the Schizasteridae family, feed on the organic matter associated to sediments (De Ridder, 1982; Michel, David, Dubois, Lepoint, & De Ridder, 2016) . Omnivorous species such as Sterechinus neumayeri and S. diadema are also partly dependent on this food intake through bentho-pelagic coupling (Jacob et al., 2003; Michel et al., 2016) .
Decrease in sea ice concentration is also expected to unveil new habitats but also affect benthic colonization and succession processes (Barnes & Conlan, 2007) .
In the sub-Antarctic regions, the predicted changes in echinoid assemblages in South America, on the Campbell and Kerguelen plateaus are consistent with recent studies (Griffiths et al., 2017; Guillaumot et al., 2018) . High extinction rates predicted for the Crozet islands, Kerguelen Plateau, and South Georgia could be related to a southward migration of the Antarctic Circumpolar Current, and particularly of the sub-Antarctic and Polar fronts (Allan et al., 2013) . 
Extinction and invasion rates will result in changes in
| Marine Protected Areas
In the SO, the establishment of MPAs is based on either national policies or international cooperation under the umbrella of CCAMLR. National entities do not necessarily act synergistically or cooperatively but MPAs can be a useful tool to manage the impact of fisheries and of other human activities (e.g., cruiseships and tourism) on marine ecosystems, and enhance the resilience of ecosystems to climate change (Carr et al., 2017; Fredston-Hermann, Gaines, & Halpern, 2018; Hannah, 2008; Roberts et al., 2003) . MPAs representativity of species and habitat diversity, including endemic and rare species (Agardy, 2000; Caldecott, Jenkins, Johnson, & Groombridge, 1996; Lawler, White, Sifneos, & Master, 2003) is required by international agreements, such as the Convention on Biological Diversity (CBD, 1992), and is a major concern conditioning the relaunch of MPAs (Chauvenet, Kuempel, McGowan, Beger, & Possingham, 2017; Fischer, Bhakta, Macmillan-Lawler, & Harris, 2019) . Moreover, the strategic plan for biological diversity was adopted and fixed at the horizon H2020 during the conference of the parties (COP 10) in Nagoya in 2010 to improve the state of biological diversity but also to lessen anthropogenic pressures on it (Buck & Hamilton, 2011) .
In the present work, 12 ecoregions were identified for the SO.
The network of current MPAs shows a good representativity of current sub-Antarctic ecoregions and of sub-Antarctic islands in particular (ecoregion #8; Table 1 ). Ecoregion #8 covers multiple islands and isolated shelves including the South Georgia, Crozet Islands, the Kerguelen Plateau, and the Campbell Plateau. These areas are of high conservation value given the extreme isolation of small oceanic islands and archipelagoes where unique habitats and endemic species may be particularly at risk. This is exemplified by the echinoid A. cordatus and its emblematic populations that thrive in shallow coastal areas of the Kerguelen Islands (Guillaumot et al., 2018; Saucède et al., 2017) .
The MPA network preserves faunal connectivity between populations and species of the sub-Antarctic islands and shelves.
Connectivity is key in conservation biology as it determines conditions the resilience of populations under critical conditions or after local disturbances (Carr et al., 2017) . As opposed to ecoregion #8, ecoregions #10 and #11 are reduced to restricted portions of the SO that also include endemic species (the Campbell and Magellanic plateaus respectively). These spatially restricted ecoregions are well represented in the present MPAs as well.
In contrast, important gaps prevail in the network of existing MPAs as Antarctic ecoregions are under-represented (20%) and models even predict a weaker representativity in the future (10%) under both IPCC scenarios. A consistent MPA networks is essential to reduced stress areas and promote resilient biological communities with a greater capacity to recover after environmental crises (Bates et al., 2019; Roberts et al., 2017) . It improves the connectivity between areas but also promote genetic diversity that provides key material for adaptation to climate change (Roberts et al., 2017) . In addition, MPAs in which stressors are kept under control (e.g., fisheries activity) can constitute real sentinels (research) sites to improve our knowledge of climate change and track its effects on marine biodiversity (Agardy, 1994) .
Results of the present study stress the need to improve repre- (Aronson et al., 2011; Lenihan & Oliver, 1995) in Antarctica along the Antarctic Peninsula and the Weddell Sea due to the proximity of these regions with South
America. New MPA proposals were also made for these two regions in 2013 and 2017 (Capurro, 2017; Teschke et al., 2013) . The present and future models therefore support the relevance of the proposed In view of our results, CCAMLR MPA proposals should be set up for a better representativity of current ecoregions.
Beyond the considered SO MPAs networks, the representativity of ecoregions is certainly biased in our knowledge of species distribution. Well-represented ecoregions in both MPAs networks often correspond to areas that have actively been sampled and studied (Griffiths, 2014) . This is the case of ecoregion #8, which is well represented in MPAs and relatively well-sampled, the Considering these biases and the threats to the SO, the representation of ecoregions can be improved beyond current CCAMLR MPA proposals. We do think that replicate protection across different ocean basins is relevant and should not only focus on the West Antarctic where the sampling effort is strong. Our results underline the importance of East Antarctica, little covered by scientific survey, highly fragmented and with a strong potential contribution to Antarctic ecoregions. Additional MPAs such as think in the first conservation plan initiated in 2012, which included three supplementary MPAs (Gunnerus, Enderby, and Wilkes) to those existing (Brooks et al., 2016; Wenzel et al., 2016) , would increase ecoregions representation and improve their connectivity. Regions such as Prydz, which is sensitive to local extinction and ecoregions instability under RCP 8.5 could there included in as potential conservation area.
The present work is based on the distribution modeling of a class of benthic invertebrates that presents a high species diversity.
Nevertheless, our results underline that these ecoregions are consistent with main biogeographic patterns described in other benthic taxa. Consequently, it provides useful quantitative indicators of the current structure of a SO benthic fauna and its potential response to climate change under IPCC scenarios.
This should therefore encourage conservation managers and scientists to strengthen their efforts to use a dynamical ecoregionalization approach as a decision-making tool to address conservation issues in the framework of existing MPAs but also to identify potential conservation areas. Extending this approach to other taxa and ecological guilds should improve our understanding of the current, transient dynamics of marine life in the SO and how environmental changes will impact its spatial structure and dynamics in the future. 
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